Human AE1 (anion exchanger 1), or Band 3, is an abundant membrane glycoprotein found in the plasma membrane of erythrocytes. The physiological role of the protein is to carry out chloride/ bicarbonate exchange across the plasma membrane, a process that increases the carbon-dioxide-carrying capacity of blood. To study the topology of TMs (transmembrane segments) 1-4, a series of scanning N-glycosylation mutants were created spanning the region from EC (extracellular loop) 1 to EC2 in fulllength AE1. These constructs were expressed in HEK-293 (human embryonic kidney) cells, and their N-glycosylation efficiencies were determined. Unexpectedly, positions within putative TMs 2 and 3 could be efficiently glycosylated. In contrast, the same positions were very poorly glycosylated when present in mutant AE1 with the SAO (Southeast Asian ovalocytosis) deletion ( A400-A408) in TM1. These results suggest that the TM2-3 region of AE1 may become transiently exposed to the endoplasmic reticulum lumen during biosynthesis, and that there is a competition between proper folding of the region into the membrane and N-glycosylation at introduced sites. The SAO deletion disrupts the proper integration of TMs 1-2, probably leaving the region exposed to the cytosol. As a result, engineered N-glycosylation acceptor sites in TM2-3 could not be utilized by the oligosaccharyltransferase in this mutant form of AE1. The properties of TM2-3 suggest that these segments form a re-entrant loop in human AE1.
INTRODUCTION
Human AE1 (anion exchanger 1), an abundant glycoprotein found in the plasma membrane of erythrocytes, carries out the electroneutral exchange of chloride and bicarbonate, a process that enhances the carbon-dioxide-carrying capacity of blood. The transport function of this 911-amino-acid glycoprotein is carried out by its C-terminal membrane-embedded domain [1] , whereas the N-terminal cytosolic domain provides binding sites to the redcell cytoskeleton and cytosolic proteins [2] . Mutations in AE1 have been linked to haematological conditions [3] , such as SAO (Southeast Asian ovalocytosis). SAO arises from the deletion of the sequence Ala 400 -Ala 408 in AE1 at the boundary of the cytosolic domain and TM (transmembrane segment) 1 [4] [5] [6] [7] . The membrane domain of the SAO protein is misfolded [8] , and the protein is inactive in anion transport [6] .
The topology of the membrane domain of human AE1 (Figure 1 ) has been examined using various techniques [9, 10] . Hydropathy analysis suggests that the membrane domain consists of 12-14 TMs [11] . The C-terminal tail of the membrane domain was located to the cytosolic side by antibody binding [12, 13] . Proteolytic cleavage experiments localized sensitive sites to the cytosolic or extracytosolic side of the membrane [14] [15] [16] . Naturally occurring antigenic sites encompassing Glu 658 [17] and Pro 854 [18, 19] localize these regions to the red-cell exterior. The endogenous N-glycosylation acceptor site at Asn 642 positions this region on the extracytosolic side of the membrane. Novel N-glycosylation acceptor sites created in various loops allowed determination of whether the loops are intracellular or extracellular, definition of the limits of ECs (extracellular loops) 3 and 4, as well as identification of a re-entrant T-loop in the C-terminal part of the membrane domain [20, 21] . Cysteine-scanning mutagenesis was employed to study the C-terminal part of the membrane domain, revealing possible pore-lining residues in this region [22] .
Limited information is available concerning the topology of the N-terminal part of the membrane domain of AE1. Hydropathy analysis shows three peaks in the region of residues 400-510 encompassing four TM segments [11] . The first peak is assigned as TM1. The second peak is large enough to accommodate two TMs, assigned as TMs 2 and 3. The third peak is highly hydrophobic and is assigned as TM4. Sensitivity to proteases placed Tyr 359 and Lys 360 on the cytosolic side of the membrane [15] , giving TM1 an N cyt C exo orientation. Lys 430 in the loop connecting TMs 1 and 2 (EC1) can be labelled with external eosin-5-maleimide [23] and is the site of external reductive methylation [24] . The low-incidence blood group antigen ELO is associated with an R432W mutation in EC1 [25] . These observations indicate that the loop is extracellular. Although a novel N-glycosylation site created at position 429 in EC1 could not be N-glycosylated, this was due to the distance constraint to the OST (oligosaccharyltransferase) active site, which requires the acceptor site to be located a sufficient distance (approx. 12-14 amino acids) away from the end of TMs [20, 26, 27] . N-Glycosylation sites created in an extended EC1 can be glycosylated [20, 21, 28] , confirming the extracellular disposition of the EC1. The presence of the low-incidence Froese blood group antigen Fr a , resulting from the G480K mutation in the loop connecting TMs 3 and 4, confirms the existence of EC2 [29, 30] . No internal markers have defined the cytosolic loop linking TMs 2 and 3, although these long hydrophobic segments are connected by a short polar sequence (Gly 455 -Ala-Pro-Gln).
Abbreviations used: AE1, anion exchanger 1; DMEM, Dulbecco's modified Eagle's medium; EC, extracellular loop; ER, endoplasmic reticulum; HEK, human embryonic kidney; OST, oligosaccharyltransferase; SA, signal-anchor; SAO, Southeast Asian ovalocytosis; ST, stop-transfer; TM, transmembrane segment. 1 To whom correspondence should be addressed (email r.reithmeier@utoronto.ca).
Figure 1 Folding model of human AE1 and N-glycosylation mutants
Human AE1 consists of an N-terminal cytosolic domain and a membrane domain (12-TM model shown here). The endogenous N-glycosylation acceptor site is located in EC4, at Asn 642 . Deletion of residues 400-408 in TM1 results in SAO. The N-glycosylation mutants used in the present study were created in a N642D background; individual N-glycosylation acceptor sites (N-X-S/T) were made in the region encompassing EC1-EC2.
Assessing the topogenic function of AE1 TMs in a cell-free translation system, Ota et al. [31] found that TMs 1 and 4 act as efficient SA (signal-anchor) and ST (stop-transfer) elements respectively, while isolated TMs 2 and 3 are poor ST and SA elements. The presence of TM1 located close to TM2, however, was able to rescue membrane integration of TM2, as determined using constructs of TM1-2 with a downstream glycosylation reporter domain [31, 32] . On the other hand, the presence of TMs 1 and 2 upstream of TM3 did not improve membrane integration of TM3 [31] , suggesting that TM3 has no internal SA function, possibly requiring the strong ST character of TM4 for membrane integration [31] . Hamasaki et al. [33, 34] proposed that the membrane domain in membrane proteins such as AE1 be divided into three categories. Category 1 consists of hydrophilic connecting loops. Category 2, to which TMs 1-3 belong, are membraneembedded owing to peptide-peptide interactions and can be extracted by alkaline treatment. Category 3 peptides, such as TM4, are embedded by strong peptide-lipid interactions and are resistant to alkaline extraction.
Complementary fragments of AE1 have been co-expressed in Xenopus oocytes and their ability to be expressed at the cell surface and carry out anion transport has been examined [35, 36] . Most combinations of fragments produced anion transport activity. However, co-expressed fragments that were separated in either EC1 [36] or EC2 [35, 36] were not functional. Interactions between TMs 2-3 and both TM1 and 4 are likely to be essential for correct membrane integration of TMs 2 and 3. It was also suggested that TMs 1-5 form a folded subdomain [36] , proposed to be situated at the dimeric interface of the membrane domain [37] .
In the present paper, we describe experiments to examine the folding of the TM1-4 region in AE1 using scanning N-glycosylation mutagenesis. Novel N-glycosylation acceptor sites were created at over 30 different positions in the region encompassing EC1-EC2 in AE1 N642D or SAO N642D background. These constructs were expressed in transiently transfected HEK-293 (human embryonic kidney) cells in the presence of [ 35 S]methionine and were immunoprecipitated with an anti-AE1 antibody. The results that we obtained were surprising, with N-glycosylation observed throughout TM2-3. These sites were not N-glycosylated efficiently in AE1 SAO constructs. These results were interpreted in conjunction with previous studies, providing insight into the folding of TM2-3 in both AE1 and AE1 SAO, and they suggest that the hydrophobic region corresponding to TM2-3 form a re-entrant loop structure in Band 3. 
Site-directed mutagenesis
The coding sequence for human AE1 was inserted into the XhoI and BamHI sites of pcDNA3 [21] . The construction of AE1 SAO from pcDNA3 · AE1 has been described in [21] . To remove the single endogenous N-glycosylation site (N642D constructs), an N642D mutation was carried out with AE1 or AE1 SAO as templates. Single N-glycosylation acceptor sites were created in the region from EC1 to EC2, inclusive, on an AE1 N642D or SAO N642D background in pcDNA3 using the QuikChange TM mutagenesis kit. Sequencing of the constructs was carried out by the ACGT Corp. Figure 1 shows an illustration of the N-glycosylation mutants, listed in Table 1 .
Transient transfection and expression of AE1 mutants
HEK-293 cells were transfected using the calcium phosphate precipitation method with 1 µg of plasmid DNA per well of a sixwell plate. Cells were grown in DMEM supplemented with 10 % (v/v) calf serum, 0.5 % penicillin and 0.5 % streptomycin under air/CO 2 (19:1) at 37
• C [21] . At 1 day post-transfection, cells were labelled with EasyTag TM EXPRE 35 S 35 S protein labelling mix for 2 h at 37
• C, then washed with PBS and lysed with RIPA buffer (1 % deoxycholate, 1 % Triton X-100, 0.1 % SDS, 0.15 M NaCl, 10 mM Tris/HCl, pH 7.5, and 1 mM EDTA). A rabbit polyclonal antibody directed against a synthetic peptide corresponding to the C-terminal 16 residues of human AE1 [21] and Protein GSepharose were used to immunoprecipitate AE1 proteins. The samples were analysed by concanavalin A lectin-shift SDS/PAGE [38] in order to resolve N-glycosylated (high mannose) from unglycosylated protein, followed by autoradiography. Multiple exposures on film were taken to ensure the signals were within a linear range of sensitivity. Signals were scanned and quantified by ImageJ software. The percentage N-glycosylation was calculated as the intensity of upper (glycosylated) band divided by the total intensity of upper and lower (unglycosylated) bands, in samples prepared from multiple independent transfections. * Constructs refer to the name given to each mutant in the present paper.
RESULTS
Single N-glycosylation acceptor sites were created in the region from EC1 to EC2 in AE1 ( Figure 1 and Table 1 ). The endogenous N-glycosylation site at Asn 642 in these constructs was mutated to Asp 642 ( Figure 1 and Table 1 ). To simplify the nomenclature, the mutants named below all contain the N642D mutation unless otherwise specified. The N-glycosylation mutants were transiently expressed in HEK-293 cells. AE1 expressed in transiently transfected HEK-293 cells retains a high-mannose oligosaccharide structure, although it can traffic to the plasma membrane [39] . At 1 day post-transfection, the cells were labelled with [
35 S]methionine for 2 h. AE1 exits the ER with a half-time of approx. 4 h [39] , thus most of the protein produced in the 2-h labelling period represents protein still in the ER. The cells were then lysed with detergent, and AE1 proteins were immunoprecipitated using an antibody directed against the C-terminus. Samples were resolved by concanavalin A lectin-shift gel electrophoresis to separate the high-mannose glycosylated species from the unglycosylated species [38] , and radiolabelled AE1 was visualized by autoradiography. Results are shown in Figure 2 (A) and are summarized in a histogram in Figure 3 . AE1 N642D was not glycosylated as expected, and marks the position of the nonglycosylated AE1 on the SDS gels ( Figure 2A ). AE1 was present as two bands. The upper band was susceptible to endoglycosidase H digestion [28] , indicating that the protein contains high-mannose oligosaccharide. The lower band runs at the same position as AE1 N642D and represents non-glycosylated AE1. Note that the upper bands in the various lanes were shifted to different heights relative to the lower bands, since the samples were run on different lectin shift gels. The scanning N-glycosylation mapping results for AE1 constructs are summarized in Figure 3 .
AE1 was glycosylated at Asn 642 at 53 + − 5 % (Figure 2A ), consistent with previous observations [28] . The presence of unglycosylated AE1 was probably due to overexpression of the protein in the transiently transfected HEK-293 cells. Previous experiments showed that an N-glycosylation site created at position 429 could not be glycosylated in an AE1 construct [20] . Our results show that AE1 N431 and N432 were also not glycosylated, probably because they were too close to the end of TM1 (Figure 2A) . The downstream positions showed discontinuous stretches of glycosylation in HEK-293 cells (Figure 3 ). AE1 N433 was glycosylated, although not efficiently, at 15 + − 5 % (Figure 2A) . No glycosylation was seen in AE1 N434, but AE1 N435 was glycosylated (23 + − 1 %). A very low level of glycosylation was again observed for AE1 N436, N437 and N438. Efficient N-glycosylation was observed in AE1 N441, N442, N443, N444, N446, N453 and N454: in most cases, more than 30 %.
N-Glycosylation efficiencies abruptly dropped in positions immediately downstream of N454: AE1 N455 (results not shown), N456 and N457 were not glycosylated. To rule out the possibility that Pro 458 may interfere with recognition of the N-glycosylation sequon by OST, the mutation P458A was introduced into AE1 N455, producing the construct AE1 N455, P458A. The P458A mutation did not improve the glycosylation efficiency of AE1 N455 (Figure 2A ). N-Glycosylation was again observed in AE1 N463 (21 + − 5 %) and N464 (28 + − 5 %), but was absent in AE1 N465 (Figure 2A ). The stretch of positions AE1 N466, N467, N468, N469, N470 and N471 were more than 20 % glycosylated (Figure 2A ). AE1 N472, N473 and N474 were not glycosylated, whereas AE1 N475 was weakly glycosylated (11 + − 4 %). Positions close to TM4, AE1 N476, N477, N478, N479, N482 and N487 were not N-glycosylated.
The discontinuous pattern of N-glycosylation was unexpected. Introduced sites that were a sufficient distance from the ends of adjacent TMs were expected to be N-glycosylated if the TM2-3 region is exposed to the ER lumen during biosynthesis. The introduction of novel N-glycosylation acceptor sites often results in a change in the polarity of the region. An increase in polarity in the region may enhance the exposure of the region to the lumen, allowing N-glycosylation to occur. In contrast, changes that do not increase polarity significantly may not alter the integration of TM2-3 into the membrane. To investigate the relationship of hydrophobicity of the TM ( Table 2) and utilization of N-glycosylation acceptor sites created within the TM, additional mutants were created. These mutations were designed to decrease the hydrophobicity of TM2 or 3 (I449T or V470T) in select TM2 or TM3 glycosylation mutants ( Tables 1 and 2 ) that showed poor glycosylation ( Figure 2A ). Hydrophobic residues were mutated to threonine, similar to mutations to create novel N-glycosylation sites, resulting in similar changes in polarity. These mutants were expressed in HEK-293 cells and were radiolabelled, and the immunoprecipitated AE1 proteins were resolved by lectin-shift SDS/PAGE ( Figure 2B ). While AE1 N437, N438, N472 and N473 were poorly or not glycosylated (Figure 2A) , the glycosylation efficiencies of the same sites in N437/I449T, N438/I449T, N472/V470T and N473/V470T were greatly increased (Figure 2B) by the introduction of a polar residue elsewhere in the region.
N-Glycosylation mutations within the EC1-2 region were also created in an AE1 SAO N642D background ( Figure 1 and Table 1 ). [ 35 S]Methionine-labelling of transiently transfected HEK-293 cells showed a different glycosylation pattern from that of the AE1 mutants (Figure 4) . AE1 SAO had an N-glycosylation efficiency of 45 + − 7 % at the endogenous acceptor site, similar to that of AE1 (53 + − 5 %). The control AE1 SAO N642D was not glycosylated. Whereas AE1 constructs showed N-glycosylation at stretches of positions from EC1 to EC2, no detectable Nglycosylation was seen in the corresponding positions in AE1 SAO constructs (Figure 4) . Faint upper bands that may be visible to the eye were present in some lanes (e.g. SAO N446), but these were not quantifiable owing to the high intensity of the lower band and probably represented less than 5 % glycosylation. The first acceptor site to be utilized by OST in the SAO mutants was N475 (18 + − 2 %), near the end of TM3. This site was also N-glycosylated to a similar level (11 + − 4 %) in wild-type AE1. 
DISCUSSION
In the present study, we performed scanning N-glycosylation mutagenesis on the region encompassing EC1-EC2 in AE1, and observed unexpected results that positions within TM2 and TM3 could be glycosylated. The corresponding region was not glycosylated in AE1 SAO, suggesting a disruption of membrane integration extending to TM3 due to the deletion A400-A408 in TM1.
At least three factors contributed to determining whether a particular N-glycosylation acceptor site was utilized: (i) distance of the site to an adjacent TM; (ii) hydrophobicity of the segment involved; and (iii) protein-protein interactions requiring specific residues. The region close to the lumenal end of TM1 (N429 [20] , N431, N432 and N434) was not glycosylated, since it could not reach the active site of the OST, which requires 12-14 residues from the ends of TMs to reach it [26] . Within TM2-3 region, efficient glycosylation was observed from N441 to N471, punctuated by positions that were not glycosylated (N455-N457 and N465).
Mutations that were required to generate the glycosylation acceptor sites in TMs 2 or 3 altered the average hydrophobicity [40] of the TM (Table 2 ). In all positions that were glycosylated, at least one hydrophobic residue had been mutated to the hydrophilic amino acids asparagine and/or serine/threonine (Table 1) . Mutations in TM2-3 to introduce novel N-glycosylation sites that did not decrease hydrophobicity (Gly 455 -Ala-Gln-Pro sequence) did not result in N-glycosylation. We hypothesized the reduction in average hydrophobicity of the TM played a role in causing the normally embedded positions of TM2-3 to become lumenally exposed and accessible to the OST. N-Glycosylation of these sites would profoundly affect the structure of AE1, preventing them from integrating into the protein and trapping the segment in the ER lumen. Work on aquaporin-1 [41] has shown that regions that are membrane-embedded in membrane proteins may be transiently exposed to the ER lumen or cytosol during biosynthesis, and subsequently fold back into the protein. The trapped form of the N-glycosylation mutants may represent a folding intermediate of AE1 during biosynthesis, where TM2-3 becomes transiently exposed to the ER lumen.
We found a good correlation between altered hydrophobicity of the TM segments and utilization of the acceptor sites in the mutants: mutants with TMs having lower hydrophobicity were more likely to be glycosylated. The mutations may have also caused disruption of specific protein-protein interactions leading to exposure of TM2-3 to the ER lumen and subsequent N-glycosylation. It is conceivable that naturally occurring mutations that introduce a polar residue within a TM segment with marginal hydrophobicity may give rise to disease by severely disrupting the folding of the membrane domain in a similar manner to what was observed in the present study. A refined folding model of AE1 TM1-4 from the present study is shown in Figure 5 . As an estimate to the ends of TMs1 and 4, we took positions 435 (23 + − 1 % glycosylation) and 473 (19 + − 5 % for N473/V470T) as the glycosylation boundaries of the region encompassing EC1-EC2. Introduced N-glycosylation sites between these residues were efficiently N-glycosylated if the segment hydrophobicity was lowered as a result of mutagenesis. Applying the '12 + 14 rule' puts the C-terminal end of TM1 at around Phe 423 and the N-terminal end of TM4 at around Ile 487 . A previous N-glycosylation mapping study from our laboratory using a construct with an extended EC1 (1+/4− construct) suggested that the C-terminal end of TM1 in wild-type AE1 is around Pro 419 [28] . The extension of EC1 may have an effect on the positioning of TM1 in the membrane. Phe 423 is a more likely end of TM1, as it is followed by a pair of glycine residues that could serve as helix-terminators [42] . Ile 487 marks the beginning of a hydrophobic TM4 segment that includes one arginine residue within the first turn of the helix ( Figure 5 ). These estimates agree with existing topological data on EC1 [23] [24] [25] , and are consistent with the region surrounding Tyr 486 being extracellular [29, 30] . As well, our new model ( Figure 5 ) puts Glu 480 in EC2, rather than within TM3 [21] , and accounts for its association with the Fr a blood group antigen [29, 30] . The polar sequences Gly 455 -Ala-Pro-Gln linking TMs 2 and 3, and Glu 508 -Gly-Ser are placed on the cytosolic side of the membrane in our new model.
The TM 2 and 3 positions that were glycosylated in AE1 constructs (Figure 2A ) did not show detectable glycosylation in SAO constructs (Figure 4) . The first tested position to be glycosylated in SAO constructs was SAO N475, near the end of the proposed TM3. This site was also glycosylated in the wild-type AE1 construct. We had proposed that the population of membrane domain of AE1 SAO is probably a mixture of three possible configurations [28] : (i) SAO TMs 1-3 are membrane-integrated, with the C-terminus of SAO TM1 positioned similarly in the membrane as wild-type TM1; (ii) owing to altered interaction with SAO TM1, TMs 2 and 3 are extruded into the ER lumen; and (iii) SAO TMs 1 and 2 fail to insert into the membrane and are exposed to the cytosol. The present study indicates that the population of AE1 SAO protein predominantly exhibits scenario (iii). This is supported by the lack of glycosylation in TM2 positions and positions in the N-terminus of TM3 (N463 and N464) in the SAO constructs, suggesting that they were not lumenally exposed. Only the C-terminal part of TM3 (N475) in the N-glycosylation mutants was exposed to the ER lumen and OST.
We propose that TMs 2 and 3 in AE1 form a re-entrant loop (P-loop) structure similar to that found in other membrane proteins. The crystal structure of the Streptomyces lividans KcsA K + channel [43] showed a P-loop that plays a key role in ion selectivity of the channel. Studies on the GAT-1 γ -aminobutyric acid transporter [44] , the potassium channel ROMK1 [45] , the Na + /K + -ATPase [46] and the human transient receptor potential 3 [47] have shown that N-glycosylation acceptor sites engineered into the P-loop region can become glycosylated. A possible P-loop has been identified in the membrane domain of human AE1, between TMs 9 and 10, via scanning N-glycosylation mutagenesis studies [20, 21] . TMs 2 and 3 have been shown to be susceptible to proteolysis after alkaline treatment [33, 34] . These category 2 peptides are not necessarily α-helical, but may be flexible [48] . Assessing the topogenic functions of each TM by protease-protection assay, TM2 showed a markedly lower ST function than most other TMs in AE1 [31] ; TM3 was a poor SA and was unable to initiate translocation of a downstream reporter domain [31] . Gtag(2:3), where a glycosylation tag was present upstream of a construct of TM2-3, was not glycosylated, indicating that TM2 failed to integrate into the membrane in this construct [36] . Gtag(2:4), on the other hand, was glycosylated, suggesting that the presence of TM4 promotes membrane integration of TM2 [36] . In addition, proper membrane integration of TM2 requires the presence of TM1 in close proximity [32] . It appears that the membrane integration of TM2-3 requires the presence of TMs 1 and 4.
There is some evidence that the TM2-3 region may be involved in transport function of AE1. Wang et al. [35] expressed complementary fragments of the AE1 membrane domain in Xenopus oocytes and assayed for transport function. They found that the integrity of EC2 was essential for anion transport. We speculate that TM2-3 may form a flexible pore-lining structure, which normally folds into the protein, but is transiently exposed to the ER lumen during biosynthesis. N-Glycosylation of such a loop would trap it in the ER lumen [49] , resulting in protein misfolding and likely loss of function.
